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ABSTRACT

Ott _ The time-resolved optical transmission of silicon has been observed

at =during irradiation by an 8 nsec pulsed laser at 485 nm

with several energy densities in the range of .25 to 1.2 Jj -- e -The

transmission exhibits a sudden brief drop consistent with the rise and

fall of the reflectivity enhancement. However, the transmission does not

exhibit the strong absorption expected of molten silicon with a skin depth

of -100A.
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'ihv. expk riwaL 0,' L Cof ten citd to sUpporL thu thurmal

!w elLn niLdlel of 'IaL -' :1 1ical illg has i-n.i thu LiJmc-r,:ol1 ved refLuct-ivity

study o f Aus Lon, et a ( l ) They showed LhaL Lhe rcfleLiviLy rose to a

value rough lv that of ::oltCn silicon for periods of up to 1- 500 nsec.

Subsequently, the duIr;iLLt':I of this enhanced reflectivity has been used

to m;e:;urc tIhe diiratiI o the ilol. ten phase by a large number of --orkers.( 2)

However, we have dem,,istraLd by Raman scattering tmeasurements that the

lattice temperature rise 10 nsec after an 8 nsec "heating" pulse with energy

density of % I J/cm' Ls far below the melting temperature of silicon. The

observed lattice tem)-rature rise of only 300'C could b consistent with the

existenCe of a i.)t, do:h3e electron-hole plasma which exists for tuns of nano-

seconds and retains mst of the pulse energy. (4) [he enhanced reflectivity

then might be due to a solid-state plasma with densities of the order of

21 -3 (5)
several times 10 cm However Nathan, eL al. searched for a wavelength

dependence in the dur.ition of this plasma reflectivity and found none in

contradiction with a s Liiple solid state plasma ilhaving a density which is a

smootLhly varying function of time.

Quite recently ( 6 ) we have performed a Raman study of the onset of

recrystallization fol.l.owing an 8 nsec annealing pulse incident on ion-

implantation-amorphized silicon. We found clear evidence of .a large

fraction of recrystall..zed material after 28 nsec and while the reflectiviLy

was still enhanced. (The enhanced rcflectivity duration was "' 50 nsec.) lie

observation of such phonot-Raman signals during the enhanced reflectivity

period raises important questions about the optical skin depth of the Raman

probe pulse at 405 in. For example if the skin depth during Lhis high reflec-

tivity period is much shorter than the normal light penetration depth

( .16 pim at A = 405 lnl), the Raman signal should have been greatly

0...i... 4



Ihl.-;, in ord(Ier ti::.,covc our I.dr I;azd i ag Of the R~Iai I!~ ts a I d

i n urtict belt er Lk) (LiT i:.lad Lte titi il j U c th~e ret- IC . i Vi V1e-iAdIeaczit.

itsel1f we have. perl' orcv-d Ole coIN)MpILtary cxperimelt , Vi Z. to i.1casUre the

Lime-resolved Iani i of Lli: U11iauce-d-ref Lctivi ty phs siu;a

p robe It X\= 115 f: * Iind ve ry li ti c bLso rpLion during1, Li.- ciihanced

rfef cLiv i y phi;Pill t colit. ras I w ih i he known sin depth of mo] LL e Si IiColl

0 (7)
which ranges f rou 120 A :I t I pm tO 80 A at. '00 lul. 'his s! SLIli: ill

direct COntradictioll with ntormial thermal mnelting models of lase!r anlnealing(8

but is Coll is tent '.,/iLi t hi Raman tecipurat rc lmeLaSurcnents and the i:a

nasrc:.e tof t l ~e . I o rccrysltal IA Za Iion.

For Lte Lrili:;niu i,)n %..,rL!nt w have u.Sed c;wI ;ilvtLhe same;

(3,o)
arrange;ment zv; p rev i-:;y iv used ' or moni tuoring refi c t v ity dhurinug iRanma

data :Icqu isit.[Liit. 'iha t i 2, a lie iumicon Uhl aser opera t jg at. 1 . 15 jin;m

focus.,ed to ;i o ocL f pin)t or iv.ss inl Lte ceter of the pul ci sdlasur

spot of d jamilter 'x.2 a: A pitrgi-a;rp;;e '' ae rovidi.d thec

8 flsic exci tat 14, pui-;c iL 485 111:. OVC17am ovrA d the pwrdens1'ity

at the cetler of1 LII il h1 eam werk, repeatedCly ChecCke'd Wit .1i aO 5h pi di-

metecr I) i no I - ) 1 aceck k1 x-i t y at: the ,;irip. I)Op'isit io01. eAu1( Of I .e i Q

of Lte annea .1 g andJ the probe hst-ams was obII) aned by the uobse rved ra tio of

powe r t raziSrli tied t h rtu;;! tithe 50 in p i nitl to L) ie hilI bV;IM 01r ;Iku I se power.

For the CU' p robe he;;; fraction LI rausm iILed thlrough till A IJ!; pi i ilil

was ;grem icr than 7 5A . wi I..:roas for thu cXcitLa t iou pulse ,.Ilv TX4en t r.inszi td

An iuidopendmt. Ccheck of Lte pulsed bk att S put. s iZ Me id hnoe yWa.s obtaL~ined

from Lihte !;j7 . of thec aiuivolted or partia1ly annuealed spot on a !iii con surface.

amorphi ized by ion iup Ian tat ion. This slig~h i. .y Vcl. i t un spot .;va-;urvd approx-

finate ly 3010 pin by AM1( jim whien LIme power dezas I ty Lhi rughf ti. cerL; .a150 om was

adju.; td Lo I .1 /um .ni an tiva Ii g pulIse eue igy decn:; ity it* I .1/cn 2 ilill,!



centa l JU (11,1 vwu foitl- o i a I i : I iI (if i**U'iI-)(f JiU-Ill

d ji~ile I l- I it' caLC(I I)V . I itI;10 it Iu I . I L ii ) i at e L: L; i. a:- 'I I

regrowt It Of Lu ri I lt.11 rUc, in was coitf irined by TE1M- weasurumtieus I-or

Llil surrolindins, annulii rc: ; on Lo a d ame QLCI. o uf 1.- 400 Iiii-Lithe reg_,rGW1Lii

appear5;i noL to lie epitix ia . Nd eVidctuIce, of !oca Iizcd i ~t spol.i ;s SeVth

witen Lhi beam~ wais g r;idllIIy aiieitua Lcd by cltrJ.cn.i~ I /I iIti tiji.

even iLie beam ccnteLr lidi nt. produce any e-vidence of annealing visible

under an optical. Iicroo;ope. uhe Lime re-SOlved nicasuremnils werc performed

wiili Liii 1.1.5 itm bv;nt illti ieIt. at: 100 Lo Lh1101-01~l 1 ;agr:;nr PIN

phol-odiode wiiLh a r-i!;: Li11k of 3 -4' It-cc.

.110 penh t cit ioltp i of Lite 46i' tim po I td bca i; is J;-, ! 1 o

Iia L Hf 1h ruia Iwliio occu rs oue. should expcleC Lte inc.I dcpthl :iIL 1. JIcm

Lo be appirox imat-Lily 1 1111i . I loWever if. One as nne taL otiiy 0.112 j:. has mo.1.1Led

then ILie 1.20) A ,-kiii thipth -,' iuotiuLn s--i con st Ircqui rc.; :,Il.Iath 1 alrlsniiis Loll

at .. .L j;11 IW d lbe .- 0. lriirtisri ';ii o s in 'll 'l y ~

media are pat wul rI i; iii vc Lo I liht 1tkaiue lfii rL foIC-, s jI!C ll w foili d

citly ye -ry weak absor ~ltioln it- L-. JIM t doLI tIg thle pI reiIitoi Ly tiol t -ii phase (v ic

Li ra) , we reltta ted t;1 liii. lurcmnilis for tWo d i. f CeIMI local pu1 siI :es of Lhe

1. .15 jimt p robe beam. Ti -ansisi ou and ref lee i vi Ly were inc1as ured WiL Lb oL.

d lame i~cr inicrceased iY I" i2nd dcc ceasvd by a far Lu r of 12. '1hei reso ki t:-wer e

kIiiciantgcd .

T r i ll ll J- f IvC. L i ~y 1 100 ill Lhi k iii iii, ;u~vd ( 0 ' ctt

siic ton wa fer oibservk.-i i Iie1( 1 .15 )il prolbv are showni inl Fi guir i1I. AL

21. 1 J/cn for Olie 4'85~ 11111 II Ised bca, ,one olise rvc's i uIaL-L ith-ailiiced

rce cL I vi Ly I astI lg ;illpr iximia Iety 00 n:ic.The Lran:;:ti ~5isia show:s; a suddit

dr Iop ;I! i t.Ii re.' t:L iv ii rkes al id ai C i-J-CrI'S I p ill); 1CLcOV0i*)y- l ;1: tt t' ,f i t i Ly

ja 1s. I it .- IJatu tte ily ;IIi2 0 111 that thei I-I;III:;Iu~.i0I) jbMioli'itiU. doesV: Wit inl
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ally w.t appro;'cli LheL e:-.:peCted o. Llk ic ; of thec conservative ,s timnaLv

of ITIL-It d. (1)ll iJvCen -IIOV0. This restil L;stands iin direct contraidk*ttion to

the nora Lu he riial wel-Liog hypo ilies is.

Two additional of f.c.Ls are also evidentL in Fig. 1. 1) Thle transmission

doe no flly. recover when the reflectivity does, buLtnta.arsda

transrnilssi6 in loss (of Lhe order of 25%) recovers with a time constant. of

about 400 usec. (SCeC tracec COf Fig. 1) . 29) Thle period of sharply

diminished transmission tasting %u 60 uisec does not possess a horizontal

bottom but shows a continuously decreasing transmnission. This ef fCct is

quite reprodluCible. It is tempting to separate the tranismission behavior

into t,..o compot .'ots. [h10 first factor is due to reflective losses at. the

silicon-air intecrfaccs for which, r = 1-11 impi)lies T = 1- .3 = .7 I)LefoIr the
0

pulse arrives and T = 1-.5 =.5 when the high reflectivity plias.e is reached.

Thle second factor influencing transmission is Likely anl absorptive componlent

which apparently increases gradually during the hiigly reflecting phase and

decreases the tea fter W ithl the obsecrved- timu conanti (if 'u 40(j nsct-. TUi.is

absorptive componlent (could arise from free carrier absorption due tO thle

carriers generated by thle 485 nm pulsed beam. Thle transmission loss not

explained by reflectivity changes corresponds to cOi 0.5 where Z is the

depth~~~ ~ ~ ~ ]f.easrin ein( Iim the pulsed laser absorption depth).
Tile free carr ier absorption clue to I aser-gunerated carriers has beeni meas;ured

and yields a cross sct-,ioni per carrier of '~ 5 x 1.0- cm - at 'I. 106r;m.

Thus the absorptive c'11Iomponnt: Seen in Fig. I w-ould rcquire a carrier density

21l -3.of 11 = / =I0 cm NOtW thiat we Ihave not directly meauedte et

of thle absorbing regioin and if that depth were somehlow less than 1;;m theC

calculated carrier density would be correspondingly increased.
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'I hie Ltn&-rv!;o IV,! L1-I I Ismissioi I at. ~ I.); 5Ii vwa' -;tud itd Cor -I V;1aiet:

of pul sed kaser (485 iin) powers. The 1 eatures, showii iin Flptlire L arL re-

produced except tiat Clie reflectivity durationl varies Smoothly from zero

near () S/ii / Ln o -v .1 o) 11., iicar 1.5.1/cm 2. i all . caises the dura Li on of

the shiarpl..1 reduced Marasmis in m ide Lhe ref ICC Liv ity dura t ionl.

1. 5J/cin' is thle d,'111;5e Lthrushold as. evidenced by permanent surface

morphology chianges ob)survable by optical. microscopy. AbovC Ole damage

threshold the transmission drops to zero within twenty nanoseconds and -never

rocovers . Til ius, We i';1; uLt di stiguisli by Lranisirlss en measuremen tsa

possible0 StrO1i,1 1'. a~bSOrb i rg 1110.t0en pha,.sQ f rom surface dama)ge wi ch ref rae ts

trinsmitted li;,ht away frem Lthe de-tc tar.

The principal, :itriking Concl1Usion of the traIsmissio11n measurement is that

there is no evidence Of. ii molten Silicon phase below the damag-e thlreshold

with absorptLion inU aiiY way approaching that of niormial molten sil-Lconi withi its

skin depth~ of -- 100 A. An alteria tive expJ~ii tion for the flat- topped

enh1anced reCflLctivity, signal. is the ex,,istence of a denlse sol id state plasma.(41)

Tfhe present data, lik I ehe resuits of Nathan, ot__ml.,(5 contradict the res--ults

expec ted from an ordin'ary Drude model. of a simple plasma for tike foll1owinig

reason: Tfhe fact that. we obtained theC Usual. flat-opped ref Lec.ivitv be-

hiavior at A1  457.9 ii 12) implies that the pl-asma freqIunCTI exceeds the

15Laser f reuL(01CY . rii is. 4. . 0 ad h; ec . The I)i-rude- modc of

thie electLrois thent p redIict.; a skini dcpth wh i.e I decreases; WI fl re nec:.r

below -,p Thus for a p robe at A.2 1..15 p1M, 0one ough1 to sce a Akin dcp ti

f or the light intensity given by

C C. c400 A .()

2 2~ - 2 2'
2(~.i ~2.w

2 1
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If tlet. 1i:;i 1 depth III 'i f Like 485 lim: C: iL.-Iion~ puMlSO,

I unl) t lii :;L'vt~ I .Lvcii i ion of Lilt I. I m ;r Il~ :;i yli I d o -c ur.

Tis- is ducil mi L c IV ilot ohlivrvcd.

How LIlicin arc Lim,' rcif lecLivity, transmission, and Ramin rcsui is Lo be

UlndvrSLood" th iil ~ Lhat. Ole simnultane.ous chailgcs ii& dic transmiss ion and

rcf1CC L.I'Vi ty signaL 1illrcs witi Li,vi r I UtL, 11carly con'; tailt pro] ilc.s 1.1 L ime

S troii, lv Su -.gL5 I Lii. occuirrencc of. a Lrans ii n 1o a phase Wi Lli aI radically

dif ferell inldt'X 01 rcl racLioll. Van Ve.cilLeln, -ct al., (, 1)ill fac, origin-

ally Sngges Lod Liwlt. ioLi y f aI new f luid phase a i j:; .ng froi-i; :il-v

1ho L 1 La. ; ua . SuichI , phi s Lrans Iiion dr Lviii by ;I dense plisria would Produc

a fl.it-tppc., 1iii-C.CJ r-Cf lee ivitv With a durationl llut vIs'Avlgth dL-puzidclnt

and WO Ild n~oL ri'qu .il- ci w high abisorptlion whi icl is 11wc co rolla ry of a plasma-

generatcd ref leetiv i Ly. A PlaSmia reficctiV i y at A-457.9 uirn require., a

density of

n 1 5 x lO0 cm (2

wIith rc-) = I adi ., Sinlce iLhu clvc Iron sys 1cm- is vL'r v ;i!;k aind

p resinab ly v cryV hol I Ic F rce cl[cctl cclii ass, M,,, sccuis a FeaS0n.0[ bIC chOiCe

for m*. The iisc of' .1I high f reqIuency (liekI ccLr ic C0ls tanll of I 1. L; probably

not reasoziahi' hot tilec (I fct of lising the opt jeal. diiciccIrsic coin LailL

L = 1-2 raiscs; Hie cd ntile 0f n vorrspoodiug;I lii;i-licr. Onl Llt-i' otiwi' land

V;III Vecliti'ii alid (~Utlc '14) ha;vC CAMl c aLed thaL tIicrc0 1ii-I bC Changesc

Lo Ol tcci ril ce rgv, band s IrUc Lu re anid ;I dcreasc ofl I lie isiio t-ap

suff ic iu Lo lecad to plIasma coiifliu-menL. at : i gulificalIL y I owkir dciinit ics

l() 2 / Cm 3 '1;ca dens i LieS ill IC 1W ow 1. range would he ct-n:A isLvn I

Wit Lic h prcscnt lbSerx'a I ons. DeInse plasma effects are kindoub Lcd I

inLiia;Lu ly i-v La Ied Lo I lie allma 1 bg niochalli [ns Wi Li~ PulIsidA I asers aild

electIroin boanis but much work sI.1 11i roem~ji in be fore we oh Lain a eumupIli' I

satifv i ng iairLaui; or Lii liepysics i ivo i eti
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